The method of voltage clamp fluorometry combined with sitedirected fluorescence labeling was used to detect local protein motions of the fully active Na ؉ ͞K ؉ -ATPase in real time under physiological conditions. Because helix M5 extends from the cytoplasmic site of ATP hydrolysis into the cation binding region, we chose the extracellular M5-M6 loop of the sheep ␣1-subunit for the insertion of cysteine residues to identify reporter positions for conformational rearrangements during the catalytic cycle. After expression of the single cysteine mutants in Xenopus oocytes and covalent attachment of tetramethylrhodamine-6-maleimide, only mutant N790C reported molecular rearrangements of the M5-M6 loop by showing large, ouabain-sensitive fluorescence changes (Ϸ5%) on addition of extracellular K ؉ . When the enzyme was subjected to voltage jumps under Na ؉ ͞Na ؉ -exchange conditions, we observed fluorescence changes that directly correlated to transient charge movements originating from the E1P-E2P transition of the transport cycle. The voltage jump-induced fluorescence changes and transient currents were abolished after replacement of Na ؉ by tetraethylammonium or on addition of ouabain, showing that conformational flexibility is impaired under these conditions. Voltage-dependent fluorescence changes could also be observed in the presence of subsaturating K ؉ concentrations. This allowed to monitor the time course of voltage-dependent relaxations into a new stationary distribution of states under turnover conditions, showing the acceleration of relaxation kinetics with increasing K ؉ concentrations. As a result, the stationary distribution between E1 and E2 states and voltage-dependent relaxation times can be determined at any time and membrane potential under Na ؉ ͞Na ؉ exchange as well as Na ؉ ͞K ؉ turnover conditions. P -type ATPases form a major class of primary active membrane transport proteins, so called because they become transiently phosphorylated on ATP hydrolysis. The most prominent member is the ubiquitously occurring Na ϩ ͞K ϩ -ATPase, which exports three Na ϩ ions and imports two K ϩ ions in each transport cycle and thereby maintains the electrochemical gradients of Na ϩ and K ϩ across the plasma membrane of most animal cells.
The reaction cycle of the Na ϩ ͞K ϩ -ATPase is described in terms of the Albers-Post scheme (see Fig. 1A ) (1, 2) . The transduction of primary energy from ATP hydrolysis to active ion transport is brought about by conformational changes that occur for both the ␣ and ␤ subunit of the Na ϩ ͞K ϩ -ATPase (3) (4) (5) (6) . Several approaches were undertaken to reveal Na ϩ ͞K ϩ -ATPase conformational changes by using fluorescence labeling of the native enzyme with fluorescein-5Ј-isothiocyanate, N-(p-(2-benzimidazolyl)phenyl)-maleimide and styrylpyridinium dyes like RH421 (7) (8) (9) (10) (11) (12) , which were limited for several reasons. Purely biochemical assays to investigate conformationdependent proteolysis patterns cannot provide time-resolved data, in the case of fluorescence labeling with styryl dyes the site of interaction with the enzyme is not defined, and site-directed labeling (e.g., by fluorescein) severely affects enzyme function. In addition, none of these methods allows to study the enzyme under physiological conditions, e.g., defined ion gradients or membrane potentials.
The intention of this study was to detect site-specific conformational changes in real time on the fully active Na ϩ ͞K ϩ -ATPase, and assign them to partial reactions of the Albers-Post cycle. Therefore, we expressed the Na ϩ ͞K ϩ -ATPase heterologously in Xenopus oocytes and used the method of site-directed fluorescence labeling combined with voltage clamp fluorometry (VCF), which was pioneered in the laboratories of E. Y. Isacoff (13) and F. Bezanilla (14, 15) (Fig. 1 A, underlaid in gray) and kinetically coupled to the E 1 P-E 2 P conformational change (16) (17) (18) (19) (20) (21) (22) (23) .
The importance of helix M5 in functional rearrangements of the Na ϩ ͞K ϩ -ATPase was suggested by Lutsenko et al. (5) . After trypsination of the enzyme the M5-M6 hairpin is released into the supernatant in a K ϩ -dependent manner. The same phenomenon was also observed in the closely related H ϩ ͞K ϩ -ATPase (24) . Modeling of the Na ϩ ͞K ϩ -ATPase primary sequence into the 3D structure of the sarcoplasmic reticulum Ca 2ϩ -ATPase (SERCA pump) (25) shows that the M5 helix assumes a pistonlike structure extending from the site of ATP binding and protein phosphorylation into the cation binding region (Fig. 1B) . The recently published E 2 structure of the SERCA pump (26) revealed a movement of Ϸ5 Å of helix M5 relative to the membrane plane, which would be sufficient to bring about hydrophobicity changes at an extracellular reporter fluorophore (27, 28) . Helix M5 and the subsequent extracellular M5-M6 loop are highly conserved among all P-type ATPases (29) and may play an important role for energy transduction and coupling ATP hydrolysis to ion transport.
It will be shown, that the application of the site-directed fluorescence labeling͞VCF technique allows to study specific conformational changes during the transport cycle of the Na ϩ ͞ K ϩ -ATPase. The observed fluorescence changes of a reporter fluorophore attached to a spatially defined position are Na ϩ ͞ K ϩ -ATPase-specific. It is demonstrated that the highly conserved extracellular M5-M6 loop is involved in voltage-and Na ϩ ͞K ϩ -dependent conformational changes. Insights on the Abbreviations: VCF, voltage clamp fluorometry; TEA, tetraethylammonium; SERCA, sarcoplasmic reticulum Ca 2ϩ -ATPase; TMRM, tetramethylrhodamine-6-maleimide. § To whom correspondence should be addressed. E-mail: tomfritz@mpibp-frankfurt. mpg.de. reaction mechanism of the Na ϩ ͞K ϩ -ATPase were obtained: in the Na ϩ ͞Na ϩ exchange mode, the distribution of the E 1 P and the E 2 P conformational states can be determined both under stationary and time-resolved conditions; under turnover conditions, the occupancy of the E 1 and E 2 states as well as the time course of the transition in between can be quantified depending on the transmembrane voltage and Na ϩ ͞K ϩ concentrations. The results will be discussed regarding the recently published structural changes of the Ca 2ϩ -ATPase, a homolog of the ␣ subunit of the Na ϩ ͞K ϩ -ATPase.
Materials and Methods
Molecular Biology. The cDNAs of sheep Na ϩ ͞K ϩ -ATPase ␣ 1 -subunit, a modified construct with no extracellularly exposed cysteine residues (carrying mutations C911S and C964A) (30) , and rat ␤ 1 -subunit were subcloned into vector pTLN (31) . The mutations Q111R and N122D were introduced into ␣ 1 -subunit cDNAs to obtain reduced ouabain sensitivity (32) allowing for selective inhibition of the endogenous oocyte Na ϩ ͞K ϩ -ATPase. The Na ϩ ͞ K ϩ -ATPase construct with reduced ouabain sensitivity is termed NaK WT , the extracellularly Cys-less and ouabain-insensitive construct NaK ØCys . Single cysteine mutations in M5-M6 were introduced into NaK ØCys by PCR and verified by sequencing.
Oocyte Preparation and cRNA Injection. Oocytes were obtained by collagenase treatment after partial ovarectomy from Xenopus laevis females and injected with 15-25 ng of ␣-subunit and 1.5-2.5 ng of ␤-subunit cRNA, which was prepared using the SP6 mMessage mMachine kit (Ambion, Austin, TX). After injection, oocytes were kept in ORI buffer (90 mM NaCl͞2 mM KCl͞2 mM CaCl 2 ͞5 mM Mops, pH 7.4) containing 1 mg͞ml penicillin͞ streptomycin at 18°C for three to four days.
Oocyte Pretreatment and Fluorescence Labeling. Before measurements, oocytes were kept for 30 min in LS buffer (110 mM NaCl͞2.5 mM Na-citrate͞10 mM Mops/Tris, pH 7.4) and 30 min in PS buffer [100 mM NaCl͞1 mM CaCl 2 ͞20 mM tetraethylammonium chloride (TEACl)͞5 mM BaCl 2 ͞5 mM NiCl 2 ͞5 mM Mops/Tris, pH 7.4] to elevate intracellular Na ϩ concentration (22) . Cys-specific fluorescence labeling was achieved by incubating Na ϩ -loaded oocytes in PS buffer containing 5 M tetramethylrhodamine-6-maleimide (TMRM, Molecular Probes) for 2-5 min at room temperature in the dark, followed by extensive washes in dye-free buffer. This period was optimal to achieve robust labeling and to avoid unspecific dye incorporation. Measurements under Na ϩ ͞Na ϩ -exchange conditions were peformed in Na ϩ test solution (100 mM NaCl͞20 mM TEACl͞5 mM BaCl 2 ͞5 mM NiCl 2 ͞5 mM Mops/Tris͞10 M ouabain, pH 7.4). For K ϩ titration experiments and stationary pump current recordings, 0.3-30 mM K ϩ were replaced for equimolar amounts of Na ϩ . Heterologously expressed Na ϩ ͞K ϩ -ATPase was inhibited by 5 mM ouabain.
Two-Electrode Voltage Clamp Epifluorescence
Measurements. An oocyte perfusion chamber was mounted on the stage of a fluorescence microscope (Axioskop 2FS, Carl Zeiss), equipped with a ϫ40 water immersion objective (numerical aperture ϭ 0.8). Currents were measured using a two-electrode voltage clamp amplifier CA-1B (Dagan Instruments, Minneapolis). Fluorescence was excited by a 100 W tungsten lamp using 535DF50 excitation filter, 565EFLP emission filter, and a 570DRLP dichroic mirror (Omega Optical, Brattleboro, VT). Fluorescence was measured with a PIN-020A photodiode (United Detector Technologies) mounted to the microscope camera port. Photodiode signals were amplified by a patch clamp amplifier EPC-5 (HEKA Electronics, Lamprecht, Germany). Fluorescence and current signals were simultaneously recorded with pClamp 8 software (Axon Instruments, Foster City, CA). Data analysis and presentation were carried out with ORIGIN 5.0 (Microcal Software, Northampton, MA).
Measurement and Analysis of Transient Currents. Transient Na
ϩ ͞ K ϩ -ATPase currents under Na ϩ ͞Na ϩ exchange conditions were obtained as the difference between current responses to a specific voltage step first in Na ϩ test solution, then in Na ϩ test solution containing 5 mM ouabain. Time constants were obtained from monoexponential fits to the data. The first few milliseconds after the voltage step were excluded to avoid artifacts arising from capacitive charging of the oocyte membrane. The transported charge Q is the time integral of the fitted currents, extrapolated to onset of voltage pulses. The resulting Q-V curves were fitted according to a Boltzmann function: The main electrogenic event was assigned to Na ϩ transport steps that are kinetically coupled to the E 1P-E2P transition (underlaid in gray). (B) Na ϩ ͞ K ϩ -ATPase ␣ subunit modeled into the 1EUL structure of the SERCA Ca 2ϩ -ATPase (25) by using SWISSMODEL (courtesy of Jan B. Koenderink). Helix M5 and residue N790 (circle) are marked in red. Mutant N790C allowed for site-specific labeling by TMRM and yielded strong fluorescence changes in response to extracellular K ϩ or voltage pulses. Amino acids contributing to cation binding are colored as follows: E327, blue (helix M4); D776 and E779, red (helix M5); D804 and D808, green (helix M6). Two Ca 2ϩ ions (yellow) from the 1EUL structure are also shown.
where Q max and Q min are the saturation values of translocated charge, V 0.5 is the voltage of half-maximal activation, z q is the equivalent charge, F is the Faraday constant, R is the molar gas constant, T is temperature in K, and V is transmembrane potential. All experiments were carried out at room temperature (20-22°C).
Results and Discussion
The aim of this study was real-time and site-specific detection of conformational changes of the fully active Na ϩ ͞K ϩ -ATPase ␣ subunit under physiological conditions, based on fluorescence responses of a reporter fluorophore. The technique of sitedirected fluorescence labeling in combination with VCF has extensively been used for the detection of structural rearrangements underlying voltage sensor movements in voltage-gated cation channels (13) (14) (15) . VCF implies electrophysiological measurements on integral membrane proteins in which single cysteines are introduced in putative reporter sites. On expression of these constructs in Xenopus oocytes, a fluorescent dye with a reactive sulfhydryl-specific moiety (in this case, TMRM) is covalently coupled to this cysteine. The fluorescence emission of the dye responds to environmental changes, which are brought about by the conformational rearrangements of the protein.
In the following, we will describe results obtained by application of this method to the Na ϩ ͞K ϩ -ATPase, link these findings to published data, and outline novel information that could not be obtained so far. Finally, we will discuss our findings in the frame of recently published structural information for P-type ATPases.
Functional Expression and Labeling by TMRM.
Single cysteine mutations within the extracellular M5-M6 loop ( Fig. 2A) were introduced into a sheep Na ϩ ͞K ϩ -ATPase ␣ 1 subunit devoid of other extracellular cysteines (termed NaK ØCys , see Materials and Methods) (30) . Functional expression of this NaK ØCys construct and of the single cysteine mutants was assessed by measuring stationary pump currents on addition of 10 mM K ϩ in twoelectrode voltage clamp experiments. All solutions contained 10 M ouabain to inhibit the endogenous oocyte Na ϩ ͞K ϩ -ATPase. It should be noted that all constructs had a reduced ouabain sensitivity in the millimolar range (32) , as known from the rat Na ϩ ͞K ϩ -ATPase ␣ 1 subunit (see Materials and Methods). All 11 cysteine mutants we generated were functional and apart from mutant F786C produced currents similar to NaK WT ( Fig. 2 A and  B) . However, only the N790C mutant showed high fluorescence changes after TMRM labeling and responded to changes in conditions that alter the occupancy of the E 1 P and E 2 P conformational states, as described below. Oocytes expressing the NaK ØCys (N790C) construct exhibited a much higher fluorescence on TMRM labeling than uninjected controls (Fig. 2C) , showing that labeling of endogenous membrane proteins produces only minor background fluorescence.
Stationary Current and Fluorescence Measurements. Fig. 2D shows a parallel recording of pump current and fluorescence of TMRMlabeled mutant NaK ØCys (N790C). Addition of K ϩ induces a stationary current that is accompanied by a fluorescence increase. Both stationary current and fluorescence increase could be inhibited by 5 mM ouabain, showing that the observed fluorescence change is Na ϩ ͞K ϩ -ATPase-specific. The similarity between pump currents and the fluorescence responses on K ϩ concentration changes provided initial evidence that the fluorescence changes correlate with pump conformational transitions. This behavior is explained in terms of the Albers-Post reaction scheme for the Na ϩ ͞K ϩ -ATPase (1, 2). In the absence of K ϩ , dephosphorylation is slow and the E 2 P conformation highly accumulates, as described (19, 20, 22) . Addition of K ϩ stimulates dephosphorylation, turnover is increased, and the E 2 P conformation is depleted in favor of E 1 states. Therefore, the low fluorescence level measured under K ϩ -free conditions can be assigned mainly to the E 2 P conformation, whereas high fluorescence measured in presence of K ϩ is indicative of E 1 states (which is corroborated by the data in the next paragraph). Note that a fluorescence increase hints at a more hydrophobic environment of the dye, whereas an aqueous environment leads to fluorescence quenching.
Voltage Pulse Experiments and the E1P-E2P Transition. To allow for a more specific attribution of fluorescence signals to partial reactions of the Albers-Post cycle, we tested whether the fluorescence changes reflect the E 1 P-E 2 P transition under certain conditions, and performed voltage pulse experiments in the absence of K ϩ . Under these conditions, the Na ϩ ͞K ϩ -ATPase is restricted to Na ϩ ͞Na ϩ exchange (21) . Because dephosphorylation in the absence of K ϩ is slow, the enzyme shuttles in a voltage-dependent manner almost exclusively between E 1 P and E 2 P, which allows the isolated investigation of the E 1 P-E 2 P conformational change. Na ϩ transport steps are intimately linked to the E 1 P-E 2 P transition ( Fig. 1 A, underlaid in gray) and involve charge movement across the membrane. Changes in membrane potential determine the kinetics of electrogenic reactions and shift the distribution between E 1 P and E 2 P, giving rise to transient currents. The main electrogenic events, namely sodium binding steps, occur on a microsecond time scale, but the detected transient charge movement is rate-limited by the conformational change E 2 P(Na) 7 E 1 P(Na) (19) . Relaxation into a new distribution of states occurs with the sum of forward and backward reaction rate constants, and transient currents decay with first order kinetics (18) (19) (20) (21) (22) (23) .
In Fig. 3A , transient currents in response to voltage pulses are shown. Jumps to positive potentials favor the E 2 P conformation and release of positive charges to the extracellular side, resulting in a positive transient current. The simultaneously recorded fluorescence signal decays with a very similar time course (Fig.  3B) . Negative potentials drive the pump into the E 1 P conformation, which enables electrogenic Na ϩ reuptake resulting in a negative transient current accompanied by fluorescence increases. These observations agree with the interpretation of the stationary current and fluorescence data shown in Fig. 2D .
Comparison of the signals from Fig. 3 A and B shows that, for all potentials tested, the kinetics of fluorescence changes and transient currents are almost identical. Current and fluorescence signals were analyzed by fitting with a monoexponential function to obtain the voltage dependence of the apparent rate constants (Fig. 3C) . The resulting curves are very similar, indicating that the process detected by fluorescence changes under Na ϩ ͞Na ϩ exchange conditions parallels the charge translocation coupled to the E 1 P-E 2 P transition. The transient currents of the NaK WT construct measured under Na ϩ ͞Na ϩ exchange conditions decayed with Ϸ80 s Ϫ1 at 21°C and 0 mV (data not shown). This value agrees well with published data (Ϸ50-200 s Ϫ1 , refs. 16-21) especially when compared with data obtained from Xenopus oocytes (22, 23) . For the NaK ØCys (N790C) construct, this rate constant is reduced to 20 s Ϫ1 . Note that the observed slow relaxation time constant of the E 1 P-E 2 P transition of the NaK ØCys (N790C) construct is brought about by the introduced mutation. Therefore, it does not reflect similarly slow rate constants, which had initially been reported for the E 1 P-E 2 P conformational change of the native Na ϩ ͞K ϩ -ATPase (33) . A slight increase in relaxation time of the NaK ØCys (N790C) construct was observed due to TMRM binding (data not shown). The same observations, i.e., slowed kinetics on cysteine substitution and further reduction of the rate constant after TMRM attachment, were previously reported in Shaker K ϩ channel studies (14) . However, the slower kinetics observed for NaK ØCys (N790C) does not impair the assignment of the observed fluorescence signals to the E 1 P-E 2 P conformational change. Residual kinetic differences between fluorescence and transient current responses at negative potentials may arise from unlabeled pump molecules, which contribute to the currents with faster kinetics than that of the fluorescence response (see Materials and Methods).
Voltage-Dependent Charge Movement and Fluorescence Change.
Further information about the charge translocation process caused by the E 1 P-E 2 P conformational transition can be derived from analysis of the translocated charge (integral of the transient currents). When plotted against the membrane potential, the amount of charge moved during a transient current follows a Boltzmann distribution (21) , which is shown in Fig. 3D (Q-V curve, filled circles). When the voltage dependence of the saturation values of the corresponding fluorescence responses is plotted in the same way, the resulting ⌬F-V curve (Fig. 3E , open squares) superimposes with the Q-V curve. Because the amount of charge in response to a voltage jump is limited in either direction, positive voltage pulses lead to maximal accumulation of E 2 P, which is indeed observed as saturating fluorescence. Negative voltage pulses shift the pump into E 1 P in a saturating fashion and fluorescence saturation is expected at strongly hyperpolarizing potentials, which was indeed observed at high Na ϩ concentrations (200 mM) at extremely hyperpolarizing potentials (Ϫ160 mV, data not shown). Because the charge movement occurs during the E 1 P-E 2 P conformational change, the Q-V curve allows a direct measure of the amounts of E 1 P and E 2 P at any voltage. From the equivalence of the Q-V curve and the ⌬F-V curve, we conclude that, under Na ϩ ͞Na ϩ exchange conditions, the fluorescence level is an absolute measure of the concentrations of E 1 P and E 2 P. The structural rearrangement during the E 1 P-E 2 P transition is directly correlated to the main electrogenic step in the transport cycle, i.e., extracellular Na ϩ release͞reuptake. The fluorescence label at amino acid 790 demonstrates the involvement of the M5-M6 loop and most probably also of helix M5 in this crucial conformational change.
Compared with NaK WT or NaK ØCys the Q-V-curve of NaK ØCys (N790C) is shifted to hyperpolarizing potentials. NaK WT or NaK ØCys exhibited a value for the half-maximal voltage (V 0.5 ) of ϷϪ65 mV (data not shown), which agrees well with data reported by others (Ϫ30, . . . , Ϫ90 mV, refs. 18-21 and 34). For NaK ØCys (N790C), the V 0.5 value was ϷϪ110 mV (Fig.  3D ). This shift in voltage dependence is obviously caused by the introduced mutation and can be interpreted as a reduced cation affinity (especially for Na ϩ ). This finding is surprising because residue 790 is not part of the cation binding pocket itself.
TEA ؉ Replacement and Ouabain Inhibition. Voltage pulse experiments were carried out to test for effects of TEA ϩ and ouabain on transient currents and fluorescence changes (see Fig. 6 , and Supporting Text which are published as supporting information on the PNAS web site, www.pnas.org). Replacement of Na ϩ for TEA ϩ did not change the stationary fluorescence at holding potential and abolished fluorescence changes. Addition of 5 mM ouabain to the 100 mM Na ϩ solution also did not shift stationary f luorescence at holding potential and inhibited voltagedependent fluorescence changes as well as transient currents, no matter whether K ϩ was present or not (see Figs. 4G and 6) . Ouabain binds to the Na ϩ ͞K ϩ -ATPase in the E 2 P conformation (35, 36) , in agreement with the observed low fluorescence level (indicative of E 2 P). Transient currents in the Na ϩ ͞Na ϩ exchange mode are often defined as ouabain-sensitive currents in the literature (19, (21) (22) (23) . The fluorescence data show that ouabain blocks the E 2 P-E 1 P transition, which also precludes transient charge translocation. (Fig. 4) . Under these conditions, observation of transient currents is impossible for kinetic reasons, because of the redistribution of reaction cycle intermediates. To interpret the fluorescence signals under turnover conditions we assume, that the fluorophore discriminates between the two principal conformations of the enzyme. E 1 states are then characterized by high fluorescence and E 2 states by low fluorescence. Two observations justify this assumption. First, the voltage dependence of the ⌬F-V curve (Fig. 3E) covers the complete range from maximal accumulation of E 2 P at depolarizing potentials to maximal accumulation of E 1 P at hyperpolarizing potentials. Second, the saturating stationary fluorescence levels at high [K ϩ ] (highest fluorescence and maximal accumulation of E 1 states) or in presence of ouabain (lowest fluorescence and maximal accumulation of E 2 P) do not significantly exceed the saturation values of the ⌬F-V curve under Na ϩ ͞Na ϩ exchange conditions (see description of Figs. 4 and 5A below) . Therefore, the ⌬F-V curve under Na ϩ ͞Na ϩ exchange conditions serves as a calibration for the determination of the distribution between E 1 and E 2 states under turnover conditions, which cannot be addressed by purely electrophysiological approaches. Fig. 4 shows voltage jump-induced fluorescence changes in the presence of different K ϩ concentrations. All data traces were obtained from continuous recording on the same oocyte expressing NaK ØCys (N790C) to allow for comparison of the absolute fluorescence levels under the varying conditions of the experiment. After solution exchanges to the stated K ϩ or inhibitor concentrations at Ϫ80 mV holding potential the cell was subjected to 200-ms voltage pulses between ϩ60 and Ϫ160 mV (on pulse) in 20 mV steps, followed by a step back to Ϫ80 mV (off pulse). The stationary fluorescence level at Ϫ80 mV, visible at the beginning of each set of fluorescence signals, rises with increasing K ϩ concentration corresponding to the increase in stationary fluorescence in Fig. 2D on addition of 30 mM K ϩ . Fig. 4A shows fluorescence responses to on and off voltage pulses at zero K ϩ , the same conditions as for Fig. 3 A and B . Voltage jumps to positive potentials elicited only small fluorescence decreases, which did not change with voltage. In contrast, negative potentials induced strongly voltage-dependent fluorescence increases. With 1 mM extracellular K ϩ (Fig. 4B) fluorescence signals started from an already increased stationary value. Positive voltage pulses induced fluorescence decreases, and jumps to negative potentials led to fluorescence increases with the onset of saturation becoming apparent at extremely positive or negative voltages. With further increasing extracellular [K ϩ ] (Fig. 4 C and D) stationary fluorescence at Ϫ80 mV successively increases. Negative voltage pulses induced only small fluorescence increases, whereas positive potentials led to comparatively large fluorescence decreases. At 30 mM extracellular K ϩ stationary fluorescence at Ϫ80 mV reaches a maximum, and voltage pulses in either direction no longer induce any fluorescence change (Fig. 4E) . To demonstrate reversibility, the voltage protocol was applied on removal of K ϩ (Fig. 4F ) and signals are equivalent to those from Fig. 4A . Addition of ouabain at 30 mM K ϩ reduces fluorescence to a minimum (Fig. 4G) , even slightly lower than obtained in the absence of K ϩ at depolarizing voltages. Voltage pulses do not induce fluorescence changes, showing that the pump is arrested in E 2 P. ] is composed of two effects, a positive shift of the V 0.5 value and a decrease in slope (Fig. 5A) . The latter can be interpreted as a decreased voltage sensitivity. The value for the equivalent charge, z q , from Boltzmann fits of the ⌬F-V curves decreases from Ϸ0.8 at zero K ϩ to Ϸ0.45 at 1 mM K ϩ . The value z q represents the amount of charges translocated or, equivalently, the fraction of the transmembrane field which an unitary charge passes during a charge-translocating event (which may be a composite of several charge-translocating steps under these conditions). Therefore, the easiest interpretation is that activation of the K ϩ branch of the Albers-Post cycle leads to an inward transport of Ϸ0.35 unitary positive charges, in accordance with the reported lower electrogenicity of K ϩ transport steps (34, 37, 38) . This value rather is a lower limit as K ϩ concentrations Ͼ3 mM induce such a large shift of the ⌬F-V curve that Boltzmann parameters cannot be determined (Fig. 6A) . At [K ϩ ] Ͼ 10 mM the absence of detectable fluorescence changes indicates that the stationary distribution between E 1 and E 2 states can no longer be shifted by voltage pulses within the accessible voltage range (Ϫ160 mV to ϩ60 mV). In contrast to inhibitor experiments, however, the pump is fully active under these conditions.
[K ؉ ] Dependence of Relaxation Kinetics. The transient fluorescence responses on voltage jumps at subsaturating K ϩ concentrations directly yield kinetic information about the electrogenic event(s) or preceding electroneutral reaction steps, which are ratelimiting for these charge-moving events. However, in contrast to K ϩ -free conditions in which the major electrogenic event occurs during extracellular Na ϩ release͞reuptake, the full Albers-Post cycle probably also contains charge translocating steps within the K ϩ branch (34, (36) (37) (38) . The apparent rate constant of the voltage-dependent relaxation into a new stationary distribution of states at 0 mV increases from 20 s Ϫ1 to 70 s Ϫ1 at saturating K ϩ concentrations with an apparent K m of Ϸ1 mM (Fig. 5B) , which is close to the value which can be inferred from the K ϩ dependence of the stationary current (data not shown).
Link of Conformational Changes to Structural Information. The fluorescence quantum yield of the rhodamine dye is sensitive to environmental hydrophobicity changes (13, 14) . The assumption that the fluorophor can discriminate between E 1 (high fluorescence) and E 2 (low fluorescence) states implies that it resides in a sheltered, hydrophobic environment in E 1 states, whereas it encounters a more exposed, quenching environment in E 2 states. This can be interpreted either as a movement of the extracellular end of helix M5 (which is in close vicinity to residue 790) relative to the other transmembrane helices and͞or opening of an extracellular crevice, which allows for release or binding of cations. This notion is supported by the recently published E 2 structure of the SERCA pump (26) , which is a homolog of the Na ϩ ͞K ϩ -ATPase ␣ subunit. The reported movement of the extracellular end of helix M5 of the SERCA pump transversal to the membrane plane is Ϸ5 Å (see figure 4a in ref. 26) , which is small compared with the vast rearrangements of intracellular domains. However, minute positional changes are sufficient to influence the properties of the TMRM label as demonstrated for the Shaker K ϩ channel (27, 28) . The movement of helix M5 relative to the other transmembrane helices is much more pronounced (26) . In addition, a rotation of helix M5 was observed which could also cause TMRM fluorescence changes as inferred from Shaker K ϩ channel studies (28) . The fact that only one residue within the extracellular M5-M6 loop can serve as a reporter site for conformational changes votes for tight spacial constraints within the region through which cations leave or reach their binding sites. However, we would like to be cautious in using the published SERCA pump structures for the interpretation of our results. Because the SERCA E 2 structure represents a dephosphorylated enzyme stabilized by binding of the inhibitor thapsigargin in the transmembrane region, a true E 2 P structure with respect to the membrane helices might look different. In addition, the Na ϩ ͞K ϩ -ATPase contains a ␤ subunit with unpredictable impact on structural details at the extracellular face.
Concluding Remarks. VCF allows the determination of spatially defined conformational changes of the fully functional Na ϩ ͞K ϩ -ATPase in real time and under physiological conditions. The reporter fluorophore attached to amino acid 790 close to the extracellular end of helix M5 is involved in a conformational change, which under Na ϩ ͞Na ϩ exchange conditions can be attributed to a single reaction step of the catalytic cycle, the E 1 P-E 2 P transition. The ⌬F-V curve obtained under Na ϩ ͞Na ϩ exchange conditions can be used as a calibration to determine the stationary distribution between E 1 and E 2 states under Na ϩ ͞K ϩ turnover conditions. The fluorophore encounters a sheltered, hydrophobic environment in the E 1 P state and a more exposed quenching, aqueous medium in the E 2 P state. An obvious explanation for such a change in the fluorophore environment would be a movement of helix M5 relative to the other helices accompanied by extracellular opening of cation binding sites. Given the high homology within helix M5 and the M5-M6 loop among all P-type ATPases, this method will allow detailed studies on conformational transitions of other P-type ATPases, most notably electroneutral pumps such as the H ϩ ͞K ϩ -ATPase.
